saturating blue background. Amplitudes and implicit times of the ERG components 23
were analyzed and the diagnostic potential of each electrophysiological technique 24 was determined by generating receiver operating characteristic (ROC) curves. 25
Results: Mean amplitudes of the N95 and all PhNRs, except the full-field PhNRON, 27 were significantly reduced in participants with ADOA (p<0.01). Subtraction of the 28 group averaged focal ERG of ADOA participants from that of controls showed an 29 equal loss in the focal PhNRON and PhNROFF components, while in the full-field ERG 30 the loss in the PhNROFF was greater than that in the PhNRON component. The Areas 31
Under the ROC Curve (AUC) for the focal PhNRON (0.92), focal PhNROFF (0.95) and 32 full-field PhNROFF (0.83), were not significantly different from that of the PERG N95 33
Introduction 39
Autosomal dominant optic atrophy (ADOA) is a hereditary optic neuropathy 40 characterized by variable bilateral loss of vision in early childhood, optic nerve pallor, 41 centrocoecal visual field scotoma and color vision defects [2] [3] [4] [5] [6] . It is the commonest 42 hereditary optic neuropathy with a prevalence between 1 in 50,000 to 1 in 8,000 [7] [8] [9] [10] [11] [12] . 43 44 ADOA is caused primarily by mutations in the autosomal nuclear gene, OPA1 10, 13-45 16 , a key player in mitochondrial dynamics, controlling mitochondrial fusion, amongst 46 other key roles. Histopathological studies in humans 17, 18 and mouse models [19] [20] [21] [22] 47 show that ADOA is principally characterized by the degeneration of the retinal 48 ganglion cells (RGC) . 49 50 In a mouse model of ADOA, generated in our laboratory 22 , the defect is first evident 51 as a dendritic pruning of RGCs in B6:C3-Opa1 Q285STOP Opa1 mutant mouse which 52 appears to be ON-center specific 19, 23 . This selective vulnerability of RGCs may reflect their higher energy demands in comparison to their OFF-center 54 counterparts, since OPA1 mutations are thought to curtail mitochondrial energy 55 output 19, 23 . This new finding has however not been investigated in humans with 56
ADOA. 57 58
The functional integrity of RGCs can be evaluated by assessing the photopic 59 negative response (PhNR) of the flash ERG. The PhNR is a negative potential seen 60 after the b-wave in a photopic ERG elicited by a brief flash. The PhNR is believed to 61 primarily originate from spiking activity in RGCs and their axons with contributions 62 from amacrine cells and possible involvement of associated glial cells/astrocytes of 63 the retina [24] [25] [26] [27] . When a long duration flash is used to evoke the ERG, the PhNR is 64 seen once after the b-wave (PhNRON) and again as a negative going potential after 65 the d-wave (PhNROFF). Furthermore, it has been demonstrated that the ERG 66 obtained in response to a long duration red flash of moderate intensity provides 67 optimal delineation of the PHNRON and PhNROFF components 24, 27, 28 . 68
69
The brief flash PhNR is attenuated in patients with ADOA 29 and in the Opa1 Q285STOP 70 mutant mouse 30 . In the mouse model, the defect is seen prior to any changes in 71 visual acuity on optokinetic drum testing and prior to morphological changes on 72 retinal histology. This suggests that retinal connectivity may be affected before RGC 73 somal loss impacts on RGC function 23 . Thus the PhNR deficit could serve as a 74 marker for early disease. These early changes in RGC function may be reversible 75 and need to be defined as markers for targeted therapies in any forthcoming 76 therapeutic trials. 77 78 Miyata et al (2007) and Barnard et al (2011) highlight the diagnostic potential of the 79 PhNR in ADOA, however, the investigators used a brief white flash (broadband 80 stimulus) to evoke the PhNR, which provides a poor signal to noise ratio compared 81 to monochromatic stimuli 27 , and cannot distinguish ON and OFF components. 82 Furthermore, the studies elicited full-field (global) PhNRs which, in contrast to the 83 focal PhNR, are less sensitive in detecting focal retinal lesions such as those seen in 84 early to moderate glaucoma 31, 32 . As ADOA results in localized centrocoecal visual 85 field defects 2 , it might be expected that a focal stimulus presented to this region 86 would enhance the sensitivity of the PhNR to early disease-related changes. 87
88
The aim of this study was to assess the relative effect of ADOA on the PhNRON and 89
PhNROFF components elicited using focal and full-field long duration red flashes on a 90 rod suppressing blue background. Elettronica, Italy) presenting a xenon flash stimulus (1.76 log td.s, 300 µsec 154 maximum flash duration, 4Hz). Filters were used to obtain a red stimulus (Lee Filter 155 "Terry Red", Lee Filters, Hampshire, UK, transmittance <5% at wavelengths shorter 156 than 575 nm, and above 85% from 625-700 nm) over a continuous rod saturating 157 3.39 scot log td blue background (Schott Glass filter BG28, Schott AG, Mainz, 158
Germany, peak transmittance 454 nm). All stimulus backgrounds were of sufficient 159 scotopic illuminance to saturate the rods 35 . 160 161 All ERGs were recorded by the same investigator using the same protocol at both 162 sites. Long duration ERGs (focal and full-field) were generated by the same 163 miniature Ganzfeld LED stimulator at both sites. PERG and full-field brief flash data 164 were only obtained from participants attending Cardiff University, in order to ensure 165 consistency. All stimuli were calibrated using an ILT 1700 radiometer with 166 then converted back to log units. The distribution of the ERG data was checked for 209 normality using the Shapiro-Wilk test. Where data were normally distributed, 210 independent samples t-tests (2-tailed) were used to compare controls and 211 participants with ADOA; the Mann-Whitney U test was used where data were non-212 normally distributed. In order to minimize Type 1 errors due to the number of 213 comparisons made (n = 35), we applied a Bonferroni adjustment to the alpha level 214 (0.05) and report observations as significant when p < 0.0014. Receiver Operating 215
Characteristic (ROC) curve analysis was used to calculate the area under the curve 216 (AUC) to assess the diagnostic potential of the various ERG components. The 217 comparison between AUCs were made using the method described by Hanley and 218 McNeil (1983) 36 . 219 220 221
Results

222
The clinical characteristics of all 12 ADOA participants from 6 families are shown in 223 Table 1 . The means and standard deviation for visual acuity, contrast sensitivity and 224 mean deviation were 1.10 + 1.07 logMAR, 1.30 + 1.26 log units and -7.39 + 7.09 dB 225 respectively. The visual field defects were mostly central or centrocecal and color 226 vision defects were variable but participants from the same family had similar 227 defects. More details regarding the relationship between the clinical characteristics 228 and ERG data in ADOA participants is to be the subject of a future manuscript. 229
230
Pattern ERGs 231
PERGs recorded from 9 ADOA participants are shown superimposed on the group 232 averaged trace of 16 controls in the left hand column of Figure 2A . It shows that the 233 negative N95 component is reduced in amplitude for all participants with ADOA, 234 beyond the 95% confidence intervals for the control data. The P50 amplitudes in 235 ADOA participants were also below the lower 95% confidence intervals except for 236 one participant. The middle column of Figure 2A and the data in Table 2  237 demonstrate that the mean P50 and N95 amplitudes were significantly reduced in 238 ADOA participants compared to controls. The mean N95:P50 ratio in ADOA 239 participants of 1.05 was significantly reduced compared to 1.73 in controls (Table 2) Notably, the waveform after stimulus offset varied considerably between ADOA 251 participants. For instance in participants with ADOA, the most prominent positive 252 peak after stimulus offset, assumed to be the d-wave, was delayed and had a broad 253 peak whose maximum amplitude occurred at highly variable times ( Figure 2B , right 254 and middle columns). In comparison, this prominent peak was highly consistent 255 between control participants with respect to implicit time and was reflected in the 256 much smaller standard deviation of the d-wave implicit time in controls than in 257 participants with ADOA (Table 2) . 258 The long duration full-field cone ERGs in Figure 2C were recorded from the same 266 ADOA participants (thin lines) and controls (group averaged thick black line) as the 267 focal cone ERGs in Figure 2B Once again, the OFF components showed greater variability than ON components 276 for participants with ADOA. In fact, in at least 6 participants with ADOA, there was a 277 third positive peak (3PP) after light offset not seen in controls ( Figure 2C, left) . There 278 was no obvious pattern to the presence or absence of the 3PP in ADOA participants. 279
The amplitude and implicit time of the 3PP measured from the ADOA group 280 averaged trace was 13.34 µV and 75 msec after light offset respectively. 281
Comparatively, none of the control traces displayed the 3PP prominently, although 282 on close visual inspection, a kink corresponding in time with the 3PP was observed 283 in some individual control traces. 284
285
Comparison of Focal and Full-field Long Duration ERGs 286
The waveform of the focal and full-field long duration ERGs was further compared by 287 normalizing the group averaged ERGs to their respective b-wave amplitudes (Figure  288 3). The focal and full-field ERGs of controls ( Figure 3A ) and participants with ADOA 289 ( Figure 3B ) had similar profiles although implicit times of the b-wave, PhNRON and d-290 wave were significantly delayed in the focal ERG (p <0.01, data not shown). The 291 most prominent positive peak of the focal ERG after light offset coincided with the 292 2PP of the full-field ERG in the control traces while in the ADOA group, the broad 293 peak of the focal ERG after offset described a curve that roughly matched the profile 294 of the 2PP and 3PP of the full-field ERG. 295
296
In controls, the PhNRs are proportionally greater in the focal ERG than in the full-297 field ERG ( Figure 3A) . The losses in amplitudes of the PhNRs were also greater in 298 the focal ERG than the full-field ERG in participants with ADOA ( Figure 3B and 3C) . 299 300
The Brief Full-field ERG 301
Brief full-field ERG recorded from 7 ADOA participants are shown in Figure 2D . 302
Typical ERG responses had a-wave, b-wave, i-wave and PhNR components. The 303
PhNR amplitude was reduced significantly in people with ADOA compared to 304 controls ( Figure 2D and Table 2 ). The difference plot in the right hand column of 305 Figure 2D indicates that the greatest deficit in ADOA corresponds to the timing of the 306 b-wave and the PhNR. An i-wave was recorded for all participants (controls and 307 ADOA). Although it appeared more prominent in ADOA participants, there was no 308 statistical difference in amplitude or implicit time between control and ADOA 309 participants (Table 2) . 310 311
Specificity and Sensitivity of the Different ERGs 312
Receiver operating characteristics (ROC) curves were used to determine the 313 effectiveness of the N95 and long duration focal and full-field PhNRs at 314 discriminating participants with ADOA from controls for 9 participants with ADOA and 315 16 controls for whom PERG and long duration focal and full-field ERG data were 316 available (Figure 4) . The AUC, sensitivity, specificity and cut off value which 317 produced an optimal sensitivity while maintaining minimum specificity of ~90% are 318 shown in Table 3 . The N95 amplitude had the greatest diagnostic power. However, a 319 comparison of the AUCs of the focal and full field PhNRs with the N95 amplitude, 320 using the method described by Hanley and McNeil (1983) 36 showed that the N95 321 amplitude was only significantly more sensitive than the full-field PhNRON amplitude 322 (z = 2.12). Therefore, considered in terms of their diagnostic ability, the focal PhNRs 323 and N95 component were not significantly different. reliably explore such correlations. In the mouse model, the mutant mice (>10 months 370 old) were genetically homogenous and disease severity correlated with age. 371
Participants studied here were from 6 families, with a different mutation in each 372 family (Table 1) , and at different stages of the disease. This may have diluted 373 observations that would have been made from a homogenous cohort. 374
375
Comparison of Focal and Full-field PhNRs 376
The long duration focal and full-field ERGs in this study were recorded using the 377 same stimulus parameters, which were comparable to the parameters recommended 378 by Kondo et al 42 for eliciting focal responses. Although the waveforms of the focal 379 and full field ERGs were similar, they were not identical ( Figure 3A-B) . There was a 380 greater contribution of PhNRON and PhNROFF components to the focal ERG than to 381 the full-field ERG ( Figure 3A ) which reflects the decreasing proportion of RGCs to 382 other retinal cells with eccentricity 43 . The focal PhNRs were more severely affected 383 than their full-field counterparts by ADOA and this was reflected in the larger AUCs 384 found for the focal signals. These findings were consistent with the central field 385 defects recorded in ADOA participants in this study and in others 2, 6, 44 . In addition, 386 whereas the focal PhNRs were both significantly reduced (p<0.001), only the full-387 field PhNROFF was significantly reduced in the full-field ERG (Table 2) . Although the 388 N95 and focal PhNR amplitudes were highly discriminatory for ADOA, it should be 389 noted that the participants in this study had relatively late stage disease. 390
391
The symmetrical loss in the focal PhNRON and PhNROFF amplitudes ( Figure 2B right 392 column and Figure 3C ) may reflect the 1:1 ratio of ON-to OFF-RGCs in the macula, 393 while the greater loss in the full-field PhNROFF amplitude than the PhNRON amplitude 394 ( Figure 2C right column and Figure 3C ) may reflect the nearly 1:2 ratio of ON-to 395 OFF-RGCs in the peripheral retina [45] [46] [47] . The broadening of the d-wave peak in the 396 focal ERG and the presence of the 3PP in the full-field long ERG in participants with 397 ADOA may be due to contributions from the cone receptor potential (CRP) and/or 398 depolarizing OFF-bipolar cell responses after light offset which were unmasked in 399 the relative absence of the negative going PhNROFF [48] [49] [50] . The 2PP may be the iOFF-400 wave described by Horn et al (2011) 51 we show similar results using a red on blue stimulus. The flash luminance used in 409 this study was adopted from a previous study in this laboratory 52 
